I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Interstitial cystitis (IC) is a chronic disease characterized by suprapubic and/or bladder pain related to bladder filling, accompanied by urinary frequency, urgency, and nocturia.\[[@ref1]\] Recent evidence demonstrates that IC may be present in \>2% of females, and the estimated ratio of male to female is 1:5.\[[@ref2]\] The pathogenesis of IC is still uncertain, and several factors have been suggested, including inflammation, mast cell activation, autoimmune mechanisms, genetic predisposition, and neurogenic causes.\[[@ref3][@ref4]\]

Several studies have shown that proinflammatory cytokines induced functional changes in C-fiber afferents that led to these relatively unexcitable afferents becoming hyperactive or hyperexcitable.\[[@ref3][@ref4]\] It was reported that an increase in reactive oxygen species (ROS) leads to bladder edema, inflammation and extravasation, indicating that ROS may play a critical role in a rat model of cyclophosphamide (CYP)-induced cystitis.\[[@ref5]\]

Symptoms related to IC considerably decrease patients' quality-of-life, and its treatment remains a substantial difficulty for urologists. There are few effective treatments for IC, and these treatments are often accompanied by side effects.\[[@ref6]\] Therefore, the development of alternative and effective treatments for this serious condition is necessary.

Phloroglucinol (1,3,5-trihydroxybenzene) is a nonatropinic antispasmodic agent that is used in the clinic to treat the acute pain related to functional disorders of the digestive tract or the bile duct.\[[@ref7]\] Several studies have demonstrated that phloroglucinol has anti-inflammatory and antioxidant properties *in vitro* and *in vivo*.\[[@ref8][@ref9]\] Because inflammatory cell infiltration and ROS play important roles in IC, it is reasonable to speculate that phloroglucinol may have protective effects on the CYP-induced bladder injury by inhibiting these two events.

In this study, using the model of CYP-induced cystitis, we examined whether phloroglucinol was able to protect the bladder against CYP-induced injury and explored whether the beneficial effects of phloroglucinol on the bladder were related to the inhibition of proinflammatory cytokines. As phloroglucinol has been shown to ameliorate oxidative stress by increasing the activity of catalase (CAT),\[[@ref10][@ref11]\] we therefore evaluated the effect of phloroglucinol on CAT activity.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Animals {#sec2-1}
-------

Thirty-two female Sprague-Dawley (SD) rats (200--250 g) were provided by the Laboratory Animal Center of Peking University Health Science Center. Rats were housed in a temperature-controlled (22--24°C) and light-controlled (12 h light/dark cycle) room and were given rodent chow and tap water *ad libitum*. All procedures were approved by the Ethics Committee of Experimental Animals of The Peking University Health Science Center and were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Drugs {#sec2-2}
-----

Phloroglucinol (\>99% purity) was purchased from Sigma Chemical Company (St. Louis, MO, USA).

Induction of chronic interstitial cystitis {#sec2-3}
------------------------------------------

Chronic CYP-cystitis was induced by the administration of CYP (75 mg/kg; intraperitoneal \[i.p.\]) on days 1, 4, and 7.\[[@ref12]\] Damage of the bladder mucosa leads to impaired urothelial barrier function. Frequent micturition increased permeability of the bladder wall, bladder inflammation, and mast cell activation were induced in IC rats.

Experimental protocols {#sec2-4}
----------------------

Rats were randomly allocated to one of four groups (*n* = 8 per group): (i) A control group, which was injected with saline (75 mg/kg; i.p.) instead of CYP on days 1, 4, and 7; (ii) a chronic IC group, which was injected with CYP (75 mg/kg; i.p.) on days 1, 4, and 7; (iii) a high-dose (H-) phloroglucinol-treated group; and (iv) a low-dose (L-) phloroglucinol-treated group. The high- and low-dose phloroglucinol-treated groups were administered 30 and 15 mg/kg, i.p. of phloroglucinol from days 1 to 7, respectively, starting from the same day that the rats were first administered CYP to induce chronic cystitis. The phloroglucinol dose was selected based on the results of previous studies and a preliminary experiment.\[[@ref11]\]

Cystometrography {#sec2-5}
----------------

On day 8, cystometrography (CMG) was performed in all rats.\[[@ref4]\] The rats were anesthetized with urethane (1.2 g/kg, subcutaneously), and a suprapubic midline laparotomy was performed to expose the bladder; then, a polyethylene tube was inserted into the bladder through the bladder dome. The polyethylene tube was connected to a syringe pump and pressure transducer through a three-way stopcock. CMG was performed using a saline infusion at a rate of 10 mL/h. Baseline pressure (BP), peak voiding pressure (PP), and intercontraction interval (ICI) were recorded.

Histopathological examination {#sec2-6}
-----------------------------

After the CMG procedure, bladder tissues were harvested and divided equally into two individual sections. Half of each tissue sample was frozen at −80°C for the measurement of antioxidant enzyme activity, Western blotting, and real-time reverse transcription polymerase chain reaction. The other half of the tissue sample was fixed in 4% paraformaldehyde and embedded in paraffin before being cut into 5-μm sections and stained with hematoxylin and eosin following standard protocols.

Histopathological damage scoring based on the following features was performed: Epithelial damage, hemorrhage, inflammatory cell infiltration, and edema. Each criterion was evaluated (0: Normal, 1: Mild, 2: Moderate, 3: Severe). The maximum score was calculated as 12.

Mast cell counting {#sec2-7}
------------------

The method for acidified toluidine blue staining was as described previously.\[[@ref13]\] The number of toluidine blue-stained mast cells in two nonadjacent tissue sections was counted by two individuals who were blinded to the experimental conditions and recorded as the mean number of sections for each animal.\[[@ref12]\]

Bladder myeloperoxidase activity measurement {#sec2-8}
--------------------------------------------

Bladder myeloperoxidase (MPO) activity was assayed using a commercial assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as previously described.\[[@ref14]\]

Determination of catalase activity in the bladder {#sec2-9}
-------------------------------------------------

We measured the CAT levels in bladder tissues. Briefly, we homogenized bladders and centrifuged them at 3000 r/min for 15 min. We collected the supernatants and measured the protein content using commercialized assay kits (Nanjing Jiancheng Bioengineering Institute). We measured CAT activity by employing hydrogen peroxide to generate water and oxygen.\[[@ref15]\] The results are expressed as units per milligram of protein. We performed all spectrophotometric numerical readings using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The protein concentrations in the bladder homogenate samples were determined using a BCA Protein Assay Kit (CoWin Bioscience, Beijing, China).

Quantitative real-time reverse transcription polymerase chain reaction analysis {#sec2-10}
-------------------------------------------------------------------------------

Total RNA was extracted from the bladders using Eastep Universal RNA Extraction Kit (Promega, Madison, WI, USA) according to the manufacturer\'s protocol. Total RNA (2 μg) was reverse transcribed to generate first-strand cDNA using the GoScript^™^ Revere System according to its protocol. The primer pairs were as follows: For tumor necrosis factor-α (TNF-α), 5ꞌ-AGCAGATGGGCTGTACCT-3ꞌ and 5ꞌ-ACATGGGCTCATACCAGG-3ꞌ; for interleukin-6 (IL-6), 5ꞌ-ACAGAAGGAGTGGCTAAG-3ꞌ and 5ꞌ-TTAGATACCCATCGACAG-3ꞌ; for IL-1β, 5ꞌ-TGTCTGACCCATGTGAGC-3ꞌ and 5ꞌ-CTTTCATCACACAGGACAGG-3ꞌ; and for glyceraldehydes-3-phosphate dehydrogenase, 5ꞌ-CTCTGCTCCTCCCTGTTCT-3ꞌ and 5ꞌ-CTTGACTGTGCGTGACT-3ꞌ. Data were analyzed using the 2^−ΔΔCT^ method.\[[@ref16]\]

Western blotting {#sec2-11}
----------------

Tumor necrosis factor-α and IL-6 expression in the bladder were detected using immunoblot analysis, as previously described.\[[@ref17]\] Briefly, we loaded samples (40 μg protein), separated them on 10% sodium dodecyl sulfate-polyacrylamide gels, and transferred them to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked for 1 h with nonfat milk and incubated overnight at 4°C with the primary antibodies, whose concentrations were as follows: Rabbit polyclonal anti-rat TNF-α (1:500; Abcam), rabbit monoclonal anti-rat IL-6 (1:500; Abcam), or mouse polyclonal anti-rat glyceraldehyde-3-phosphate dehydrogenase antibody (1:800; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Next, we incubated the membranes for 1 h at room temperature with goat anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated secondary antibodies. The protein bands were detected by chemiluminescence technology and analyzed using the Image J software ([*http://rsb.info.nih.gov/ij/download/*](http://rsb.info.nih.gov/ij/download/)).

Statistical analysis {#sec2-12}
--------------------

Statistical analyses were performed using SPSS 14 for Windows (SPSS Inc., Chicago, IL, USA). All data are expressed as the mean ± standard error (SE). Statistical analysis was performed by analysis of variance (ANOVA) followed by least square difference multiple comparison *post-hoc* test. *P* \< 0.05 was considered statistically significant.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Cystometrography {#sec2-13}
----------------

As shown in [Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}, there were statistically significant differences in PP and ICI between the CYP-treated and control rats (*P* \< 0.01). The administration of phloroglucinol (15 or 30 mg/kg) improved the PP and ICI in the CYP-treated rats (*P* \< 0.01). The rats in all four groups had no significant differences in BP (*P* \> 0.05).

###### 

Cystometrogram results in four groups

  Groups             BP (mmHg)     PP (mmHg)         ICI (s)
  ------------------ ------------- ----------------- -------------------
  Control            6.19 ± 0.94   33.75 ± 1.83      380.37 ± 39.82
  CYP                6.93 ± 1.11   15.63 ± 1.99\*    83.13 ± 10.43\*
  H-phloroglucinol   6.56 ± 1.01   26.50 ± 3.96^†^   194.75 ± 79.88^†^
  L-phloroglucinol   6.67 ± 1.31   20.00 ± 2.56^†^   207.70 ± 32.08^†^

The results are the means ± SE for 8 rats in each group. \**P*\<0.01 versus control group; ^†^*P*\<0.01 versus CYP group. SE: Standard error; BP: Baseline pressure; PP: Peak voiding pressure; ICI: Intercontraction interval; CYP: Cyclophosphamide.

![Representative cystometrogram (CMG). (a) Control rats; (b) cyclophosphamide (CYP)-treated rats; (c) H-phloroglucinol-treated rats and (d) L-phloroglucinol-treated rats. The CMG showed that intercontraction interval was significantly reduced, peak voiding pressure was significantly reduced in CYP-treated rats, and these effects were ameliorated by phloroglucinol treatment. Bar indicates 1 min.](CMJ-128-956-g001){#F1}

Histopathological evaluation {#sec2-14}
----------------------------

Bladders from the rats of the control group showed normal histology. CYP treatment significantly increased epithelial damage, hemorrhage, cellular infiltration, and edema. In contrast, in the phloroglucinol-treated bladders, edema, hemorrhage, inflammatory cell infiltration were mitigated, and the urothelium appeared to be well-preserved. These results indicated that phloroglucinol treatment mitigated the severity of the rat IC induced by CYP.

Based on the semiquantitative histopathological scores of all four groups, phloroglucinol treatment significantly reduced the CYP-induced increase in histopathological scores (*P* \< 0.01, [Figure 2](#F2){ref-type="fig"}).

![Representative images of H and E stained (original magnification: \[a-d\] ×20 and \[e-h\] ×200) and toluidine blue stained (original magnification: ×200) bladders; (a, e, i) Control rats; (b, f, j) cyclophosphamide (CYP)-treated rats; (c, g, k) H-phloroglucinol-treated rats; (d, h, l) L-phloroglucinol-treated rats; (m) Inflammatory score; (n) Number of mast cells. Phloroglucinol treatment mitigated the severity of the rat of interstitial cystitis. CYP-treatment increases the number of mast cells, which was reversed by phloroglucinol treatment. Values are the mean ± standard error, *n* = 8. \**P* \< 0.01 (vs. the control group); ^†^*P* \< 0.01 (vs. the CYP-treated group).](CMJ-128-956-g002){#F2}

Mast cell counting {#sec2-15}
------------------

Mast cells play a critical role in the pathogenesis and pathophysiology of IC. Our results showed that a few mast cells in the bladders of the control group were observed. There was a significant increase in both granulated and degranulated mast cells in the CYP-treated group compared with the control group (*P* \< 0.01), which were markedly decreased by phloroglucinol (15 or 30 mg/kg) treatment (*P* \< 0.01; [Figure 2](#F2){ref-type="fig"}).

Effect of phloroglucinol on the activities of myeloperoxidase and catalase in bladder tissue {#sec2-16}
--------------------------------------------------------------------------------------------

Bladder MPO activity was used to assess inflammatory responses in bladders. As shown in [Table 2](#T2){ref-type="table"}, CYP treatment significantly increased the MPO activity and decreased the CAT activity in bladder tissues (*P* \< 0.01). The effects of the CYP on the activities of MPO were reversed by treatment with phloroglucinol (15 or 30 mg/kg) (*P* \< 0.01, *P* \< 0.05); phloroglucinol improved the CAT activity at the high dosage of 30 mg/kg (*P* \< 0.01), and there was a tendency for the low dosage of phloroglucinol (15 mg/kg) to increase CAT activity, but the trend did not reach statistical significance (*P* \> 0.05, [Table 2](#T2){ref-type="table"}).

###### 

MPO and CAT activities in rat bladder tissues of four groups

  Items                 Control        CYP             H-phloroglucinol   L-phloroglucinol
  --------------------- -------------- --------------- ------------------ ------------------
  MPO, U/g wet tissue   0.63 ± 0.12    1.43 ± 0.23\*   1.07 ± 0.21^†^     1.24 ± 0.13^‡^
  CAT, U/mg protein     16.77 ± 1.26   9.15 ± 0.94\*   12.58 ± 2.01^†^    10.21 ± 1.61

The results are expressed as the mean ± standard error for 8 rats in each group. \**P*\<0.01 versus control group; ^†^*P*\<0.01 versus CYP group; ^‡^*P*\<0.05 versus CYP group. CYP: Cyclophosphamide; MPO: Myeloperoxidase; CAT: Catalase.

Expression of tumor necrosis factor-α, interleukin-6, and interleukin-1β {#sec2-17}
------------------------------------------------------------------------

We quantified the TNF-α, IL-6, and IL-1β mRNA levels in the bladder. CYP treatment significantly increased the expression of all of these proinflammatory molecules. The expression of TNF-α decreased after phloroglucinol (15 or 30 mg/kg) treatment compared with the CYP-treated group (*P* \< 0.01); only high-dose phloroglucinol (30 mg/kg) treatment significantly reduced the expression of IL-6 (*P* \< 0.05), and although there was a tendency for phloroglucinol (15 or 30 mg/kg) to reduce the expression of IL-1β, the trend did not reach statistical significance (*P* \> 0.05, [Figure 3](#F3){ref-type="fig"}).

![Reverse transcription polymerase chain reaction of inflammatory factor mRNA in the bladder. Relative quantities of tumor necrosis factor-α (TNF-α) (a), interleukin-6 (IL-6) (b), and interleukin-1β (IL-1β) (c) mRNA were normalized to glyceraldehydes-3-phosphate dehydrogenase mRNA. Values are expressed as the mean ± standard error, *n* = 8. \**P* \< 0.01 (vs. the control group); ^†^*P* \< 0.05 (vs. the cyclophosphamide (CYP)-treated group), ^‡^*P* \< 0.01 (vs. the CYP-treated group).](CMJ-128-956-g003){#F3}

We examined the protein expression of TNF-α and IL-6 in bladder tissues from each group using Western blot analyses. CYP treatment induced the most substantial upregulation of TNF-α and IL-6 expression, which was significantly greater than that observed in the control rats (*P* \< 0.01). Treatment with phloroglucinol (15 or 30 mg/kg) suppressed these increases (*P* \< 0.01, [Figure 4](#F4){ref-type="fig"}).

![Effect of phloroglucinol on cyclophosphamide (CYP)-induced tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) protein expression. Representative Western blotting images (a) and statistical analysis (b) of TNF-α and IL-6 are shown. Values are expressed as the mean ± standard error, *n* = 8. \**P* \< 0.01 (vs. the control group), ^†^*P* \< 0.01 (vs. the CYP-treated group).](CMJ-128-956-g004){#F4}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Interstitial cystitis is a chronic disease characterized by chronic inflammation, mast cell activation, leaky epithelium, urinary frequency, and urinary urgency.\[[@ref6]\] I.p. injection with CYP could reproduce most features of IC in humans such as increasing voiding frequency, decreasing urine volume per void, and increasing permeability of the bladder wall in rats.\[[@ref18]\] CYP is an antineoplastic agent that is widely used for the treatment of malignancies such as lymphoma and leukemia. CYP administered in the peritoneum is converted to the toxic metabolite acrolein in the kidney, which accumulates in the bladder and injures the urinary tract. In the present study, CMG showed that repetitive CYP administration increased the voiding frequency and decreased the micturition pressure; the histological changes such as epithelial damage, hemorrhage, cellular infiltration and edema induced by CYP were the same as in previous reports;\[[@ref18]\] we also observed that mast cell proliferation and activation were increased in rats with CYP-induced cystitis. These results are consistent with those of the previous study.\[[@ref19]\]

Phloroglucinol is an antispasmodic agent that is used to treat acute pain related to functional disorders of the digestive tract and bile duct,\[[@ref10]\] but its mechanism of action is still unknown. Further studies are needed to clarify this issue. This study showed that the application of phloroglucinol suppressed bladder overactivity and ameliorated histological damage in the CYP-induced cystitis rat model; rats treated with phloroglucinol had reduced mast cell proliferation. These data indicated that phloroglucinol might be effective at treating IC. To our knowledge, this is the first report demonstrating the efficacy of phloroglucinol for bladder inflammation. We speculate that the mechanism of the improvement in bladder overactivity and histological damage by phloroglucinol is due to the suppression of bladder oxidative stress and inflammation.

Reactive oxygen species include the hydroxyl radical, superoxide anion, hydrogen peroxide, and singlet oxygen. ROS play integral roles in intracellular signaling, physiological immunological responses, and gene expression under physiological conditions. Excessive ROS production results in cellular and tissue damage.\[[@ref20][@ref21]\] Oxidative stress reflects an imbalance between reactive species generation and the ability of antioxidant systems to buffer these radicals.

Inflammatory cells are the main source of ROS. In addition to directly releasing ROS, the activated inflammatory cells produce ROS via the MPO pathway, which catalyzes H~2~O~2~ and the chloride ion to form HOCl, an ROS with much stronger oxidative properties.\[[@ref22]\] It is common knowledge that a certain level of MPO activity is important in the defense against microbial infection under normal conditions. However, the overactivation of MPO leads to a significant increase in MPO-generated oxidants (such as HOCl), which in turn results in tissue oxidative injury.\[[@ref23]\] In addition to this role of being a substrate for MPO, H~2~O~2~ is a substrate for CAT. H~2~O~2~ is degraded to water and oxygen in the presence of CAT.\[[@ref24]\] Therefore, the balance between MPO and CAT activity is critical for the redox status in the CYP-treated rats.

The toxic effects of CYP are partly due to the increased production of free radicals, which is increased in CYP-treated rats. The overproduction of ROS is one of the reasons for the urothelial injury.\[[@ref5][@ref25]\] In the present study, we found that CYP-treatment significantly increases inflammatory cell infiltration and MPO activity while decreasing CAT activity in the bladder tissue. This finding suggests that the oxidative status overwhelmed the reductive status and that the increased ROS cause direct oxidative damage to the bladder.

Previous research showed that phloroglucinol exerts protective effects against oxidative stress-induced cell damage in SH-SY5Y cells, a neuroblastoma cell line.\[[@ref9]\] Our results showed that phloroglucinol exerts its protective effect on CYP-induced bladder injury through regulating the activities of MPO and CAT the bladder tissues.

It was proposed that proinflammatory cytokines are involved in sensitization of bladder afferent pathways under inflammatory conditions and that the sensitization of the bladder afferent pathways might be involved in the pathogenesis of IC.\[[@ref4]\]

Tumor necrosis factor-α is a potent inducer of the inflammatory response and a regulator of immunity. Its biological function includes the modulation of growth differentiation and proliferation of a variety of cell types, release of pro-inflammatory mediators and apoptosis. Many different immune and nonimmune cell types can produce TNF-α, including macrophages, monocytes, neutrophils, mast cells, eosinophils, fibroblasts, epithelial cells, and smooth muscle cells. Potentially noxious stimuli (physical, chemical or immunological) can rapidly induce the production and release of TNF-α.\[[@ref26]\] Interestingly, mast cells are known to release and respond to TNF-α, indicating a positive autocrine loop that leads to the augmentation of mast cell activation.\[[@ref27]\]

Interleukin-6, a pro-inflammatory cytokine produced by various cell types (endothelial cells, macrophages, fibroblasts, and mast cells), was closely related to symptom severity in a rat cystitis model.\[[@ref3]\] It was reported that IL-6 enhances detrusor smooth muscle contractility, which might result in increased voiding frequency.\[[@ref28]\]

Previous study showed that phloroglucinol exhibited the inhibitory effects on the production of inflammatory mediators such as TNF-α and IL-6 in RAW264.7 cells (a murine macrophage-like cell line) stimulated by lipopolysaccharide.\[[@ref29]\] Our research shows that the TNF-α and IL-6 expression levels are significantly increased in the bladder of CYP-treated rats compared with control rats and that the expression of these two pro-inflammatory cytokines decreased in the phloroglucinol-treated group, indicating that chronic inflammation can be repressed by phloroglucinol.

In conclusion, the present study suggests that CYP-induced cystitis is related to oxidative stress and ROS formation due to inflammation. At the tested concentrations, phloroglucinol ameliorated bladder symptoms and histological changes related to CYP-induced cystitis by inhibiting the activity of MPO while increasing the activity of CAT and suppressing TNF-α and IL-6 production. Given these results, phloroglucinol could be a candidate therapeutic agent for IC.
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